We report here that stress experienced by bacteria due to aerosolization and air sampling can result in severe membrane impairment, leading to the release of DNA as free molecules. Escherichia coli and Bacillus atrophaeus bacteria were aerosolized and then either collected directly into liquid or collected using other collection media and then transferred into liquid. The amount of DNA released was quantified as the cell membrane damage index (I D 
I
nvestigation of the presence of airborne microorganisms (bioaerosols) in the ambient air is of interest due to their environmental and human health effects (1, 2) . Numerous studies have shown that increased exposure to bioaerosols is positively correlated with the incidence of negative respiratory health effects, including lung irritation, asthma, rhinitis, allergy, and cough (1) (2) (3) (4) . It is generally accepted that health effects caused by exposure to bioaerosols depend not only on the organism and its concentration but also on its physiological status in the air, because viable and nonviable microorganisms have different potentials for causing adverse respiratory health effects (2, 5, 6) .
Microorganisms in the airborne state may experience a variety of stressors, including unfavorable temperature and humidity, lack of nutrients, UV radiation, chemical pollutants, and other variables that affect their physiological status (7) (8) (9) (10) (11) . Depending on that status, airborne cells can be classified as culturable, viable but not culturable, nonviable but maintaining membrane integrity, and cell fragments (12, 13) . When bioaerosols are collected for environmental or health investigations or other purposes, it is desirable that the sampling method maintains their physiological status to minimize bias when quantifying and identifying microorganisms in the sample.
Numerous sampling devices have been developed and used to collect bioaerosols by filtration, impaction, impingement, electrostatic precipitation, and other methods. However, during each sampling process, the microorganisms are inevitably exposed to additional stress, which affects their viability and culturability. It has been observed that dehydration during sampling by filters (14, 15) and portable microbial impactors (16) may cause cell injury and loss of culturability, especially in sensitive species. While one of the liquid-based bioaerosol samplers, the BioSampler (SKC Inc., Eighty Four, PA), is considered to be a relatively low-stress sampling device for collecting bioaerosols (17) , one study demonstrated that certain collection fluids, including glycerol and surfactant, greatly decreased the viability of Legionella pneumophila, presumably due to the elevated osmotic pressure (18) . Stewart et al. observed that 49% of Pseudomonas fluorescens bacteria lost their culturability after impacting an agar surface at a speed of 40 m/s, most likely due to mechanical stress (19) . Another study showed that the intactness of the genomic DNA was impaired due to the stress of impaction onto the collection surface (20) . Recently, found that sampling stress from a variety of bioaerosol samplers decreased the bacterial culturability (21, 22) . In addition to the sampling process, microorganisms may also experience substantial stress during aerosolization. It was found in our earlier study that the viability of P. fluorescens bacteria aerosolized by a Collison nebulizer (BGI Inc., Waltham, MA) decreased by over 50% after 90 min of continuous aerosolization (23) . Similarly, Thomas et al. indicated that 99.9% of an Escherichia coli population suffered sublethal injury after a 10-min aerosolization by a Collison nebulizer (24) . They also concluded that the cell membrane was the major site of damage due to impaction and shear force stress that disturbed membrane homeostasis (24) . In light of this study, we hypothesized that the cell membrane could also be a major site of damage during bioaerosol sampling when cells experience substantial mechanical stress, such as during impaction and impingement. In addition, the elevated osmotic stress resulting from nonmechanical sampling factors, such as desiccation, would make cell membranes more vulnerable to mechanical stress, possibly even leading to cell rupture.
In the past few years, quantitative PCR (qPCR) has gained popularity in bioaerosol research due to its capacity to rapidly quantify and identify microorganisms in air samples (25, 26) . The collected microorganisms must first be lysed, but the method depends on how air samples are collected. Very often bioaerosols are collected directly into liquid by using impingers or first collected onto filters and then transferred into liquid. To concentrate such samples, liquid is centrifuged, and only the pelleted cells are used for DNA extraction, while the rest of the liquid is discarded (18, (27) (28) (29) (30) . However, if we consider that a large fraction of cells experience severe stress during aerosolization and air sampling, leading to the loss of their structural integrity, it becomes highly likely that genomic DNA from the ruptured cells is released into the liquid. If this DNA-rich liquid is discarded and not included as part of sample analysis, qPCR performed only on DNA extracted from the pelleted cells would lead to an underestimation of the collected bioaerosol quantity, resulting in an underestimation of the airborne concentration as well.
Thus, the goal of this study was to investigate the release of DNA as free molecules by membrane-damaged microorganisms due to the stress imposed on them during aerosolization and air sampling. To the best of our knowledge, this is the first study to investigate such an effect. The tests were performed with four bioaerosol sampling devices: the SKC Button aerosol sampler (SKC Inc., Eighty Four, PA), an Anderson-type impactor (BioStage; SKC Inc.), the BioSampler (SKC Inc.), and the newly developed electrostatic precipitator with a superhydrophobic surface (EPSS) (31) (32) (33) . We also assessed the effects of various aerosolization and air sampling parameters on cell integrity and DNA release, including the material of the Collison nebulizer jar (either glass or polycarbonate), the sampling time for collection on a filter by the Button aerosol sampler, the jet-to-plate distance and jet velocity of an Anderson-type impactor, and the type of collection fluid used in the BioSampler. The tests were performed with both Gram-negative E. coli and Gram-positive Bacillus atrophaeus bacteria to investigate how different cell wall structures withstand aerosolization and air sampling stress. It is hoped that the results of this study will provide guidance for selecting appropriate sampling and aerosolization protocols so that the physiological status of bioaerosols is minimally affected, leading to a more accurate sample analysis in bioaerosol studies.
MATERIALS AND METHODS
Test microorganisms. The sensitive Gram-negative bacterium E. coli (ATCC 15597) and the hardy Gram-positive bacterium B. atrophaeus (ATCC 49337) were selected as test microorganisms. These two organisms have been used widely in bioaerosol research to represent bacteria with different cell wall types and levels of hardiness (14, 18, 25, (34) (35) (36) . Both organisms were cultivated on nutrient agar (Becton, Dickinson and Company, Sparks, MD) and stored at 4°C for less than 3 months prior to transfer. Prior to experiments, E. coli and B. atrophaeus were precultured in nutrient broth (Becton, Dickinson and Company, Sparks, MD) for 18 h at 37°C and 30°C, respectively. After growing for 18 h, both bacterial cultures were in stationary phase, and over 99% of B. atrophaeus organisms were present as vegetative cells, as verified by the Schaeffer-Fulton method for staining endospores (37) . All freshly prepared test organisms were washed 3 times with sterile, deionized (DI) water (Millipore, Billerica, MA) by centrifugation at 7,000 ϫ g for 5 min at 4°C (BR4; Jouan, Winchester, VA). The concentrated bacterial cells were then diluted with sterile DI water to prepare final bacterial suspensions with concentrations ranging from 1 ϫ 10 8 to 3 ϫ 10 8 cells/ml, as determined by microscopy.
Experimental setup.
A schematic of the experimental setup is presented in Fig. 1 . Bacterial suspensions were aerosolized using a three-jet Collison nebulizer (BGI Inc., Waltham, MA) with either a glass or polycarbonate jar by passing HEPA-filtered air at a flow rate (Q AER ) of 4 liters/min (pressure of 12 lb/in 2 ). The relatively low aerosolization pressure and flow rate were chosen to minimize potential damage to the bacterial cells due to mechanical stress during aerosolization (24) . The aerosolized test organisms were diluted with HEPA-filtered air at a flow rate (Q DIL ) of 80 liters/min and passed through a laminar flow-producing honeycomb inside the test chamber. For tests with the EPSS, a 2-mCi 210 Po charge neutralizer was placed in the air stream before it entered the test chamber. During each test, the concentration of airborne microorganisms inside the chamber was monitored continuously by use of an aerodynamic particle sizer (APS 3321; TSI Inc., Shoreview, MN). The initial volume of freshly prepared culture within the Collison nebulizer was 20 ml during each experiment. The bioaerosol generated was collected by four air sampling devices, as described below. For each repeat with a particular sampling device, a fresh batch of the test bacteria was used. Samples were collected for 5 min immediately after starting the aerosolization to minimize cell damage. At least three repeats were conducted for each sampling device or sampling parameter. All experiments were performed inside a class II biosafety cabinet (Nuaire Inc., Plymouth, MN). Humidity and temperature inside the cabinet were monitored by a traceable hygrometer (Fisher Scientific, Pittsburgh, PA) during each test. The relative humidity (RH) ranged from 40% to 45%, depending on the day, while the temperature stayed in the range of 24 to 26°C.
Bioaerosol collection system. The aerosolized microorganisms were collected using a BioStage impactor (SKC Inc., Eighty Four, PA), a Button aerosol sampler (SKC Inc.), a BioSampler (SKC Inc.), or an EPSS as shown in Fig. 1 .
A BioStage impactor was used to investigate the effect of impaction on cell integrity (Fig. 1A) . We found the recovery of DNA from agar plates to be extremely low (a few percent [data not shown]). Thus, to facilitate effective recovery of collected bacteria and free DNA for analysis by qPCR, we used a sheet of aluminum foil positioned on an adjustable support pad inside a petri dish instead of agar as our collection surface. Since our previous study showed that jet velocity and jet-to-plate distance affect the collection efficiency of microbial impactors (38), we investigated whether these two factors affect the integrity of the E. coli cell structure as well. Thus, the impactor was operated for 5 min at different combinations of flow rate (Q A ; nominal flow rate of 28.3 liters/min with jet velocity of 23.7 m/s or increased flow rate of 47 liters/min with jet velocity of 39.3 m/s) and simulated agar volume (40 ml with jet-to-plate distance of 2.2 mm or 48 ml with jet-to-plate distance of 1.3 mm). To achieve the desired flow rates, two vacuum pumps were connected to the impactor by use of a Y splitter (Fig. 1A) . A Millipore filter holder (Millipore, Billerica, MA) with a 0.45-m-pore-size polycarbonate filter (Millipore) was connected at the inlet of one of the vacuum pumps to collect those particles that were smaller than the impactor's cutoff size (d 50 [particle aerodynamic diameter for which the impactor's collection efficiency is 50%] ϭ 0.6 m per the manufacturer) or escaped due to bouncing from the aluminum foil surface. The total number of such particles was calculated based on the flow rate proportions of the sampling pumps. We were not able to connect the filter directly at the impactor's outlet due to a substantial pressure drop across the impactor and filter. After sampling, particles collected on the aluminum foil and filters were eluted by vortexing the collection media for 2 min in 10 ml and 5 ml of elution solution, respectively.
To investigate the effect of filter collection on bioaerosol cell integrity, a Button aerosol sampler was selected as a filter holder and used with a 0.6-m-pore-size polycarbonate filter (Millipore, Billerica, MA). The sampler was operated at a flow rate (Q B ) of 7.5 liters/min, the maximum flow rate achieved in our setup (Fig. 1B) . The Button aerosol sampler is designed to operate at 4 liters/min so that its inlet aspiration efficiency follows the inhalable sampling convention (39) , but it has been used with flow rates as high as 10 liters/min (40) , and the use of a 7.5-liter/min flow rate instead of the nominal 4 liters/min allowed us to collect more bacteria in a short time. The effect of sampling time on cell membrane integrity was investigated by using two different sampling protocols: (i) sampling of aerosolized E. coli for 5 min and (ii) sampling of aerosolized E. coli for 5 min followed by the passing of particle-free air though the filter for 2 h. Once the sampling was completed, the filter was removed from the sampler and placed into a 10-ml Tween mixture solution containing 0.1% peptone (Fisher, Fair Lawn, NJ), 0.01% Tween 80 (Fisher, Fair Lawn, NJ), and 0.005% Y-30 antifoam reagent (Sigma, St. Louis, MO) (18) . Vortexing is generally accepted as an efficient way to elute bioaerosol particles from filters (41, 42) , and our preliminary experiments showed that shortterm vortexing (Ͻ2 min) did not result in significant release of DNA from freshly grown E. coli cells (data not shown). It was also shown that the use of ultrasonic agitation after vortexing improves the recovery of samples (14), but we were concerned that ultrasonic agitation might affect cell membrane integrity. To investigate this effect, some samples collected on filters were eluted by vortexing for 2 min, while the rest were first vortexed for 2 min and then further treated with ultrasonic agitation for 5 min, and the membrane integrity between the two methods was compared.
An SKC BioSampler with a 5-ml sampling cup was operated at a flow rate (Q C ) of 12.5 liters/min during each 5-min sampling period. A 0.45-m-pore-size polycarbonate filter (Millipore) was connected to the BioSampler outlet to collect those particles that were either not collected or reaerosolized (Fig. 1C) . Two types of collection fluid, namely, sterile DI water and Tween mixture solution (0.1% peptone, 0.01% Tween 80, and 0.005% antifoam reagent), which are commonly used in bioaerosol sampling (14, 18, 34, 43) , were tested. During the BioSampler's operation, the bacteria were first impinged into the collection liquid and then subjected to centrifugal motion for the remainder of the sampling period. To test only the effect of centrifugal motion on the membrane integrity of bacteria, 5 ml of sampling fluid was spiked with a known number of E. coli cells and placed into a collection cup, and particle-free air was aspirated by the sampler for 5 min at 12.5 liters/min. In the control group, 5 ml of sampling fluid with the same number of E. coli bacteria was placed into a collection cup and kept static for 5 min.
A novel electrostatic precipitator with a superhydrophobic surface (EPSS) was designed in our laboratory and was used as the fourth sampling device (Fig. 1D ). The device is described in detail elsewhere (31, 32) , but briefly, it has the shape of a closed half-cylinder positioned at an angle to the horizontal, with the round top part containing an ionizer and the flat bottom plate holding a narrow collection electrode covered by a superhydrophobic substance positioned slightly below the surface. Particles that enter the sampler are electrically charged and then deposited onto the collection electrode by electrostatic forces. Once the sampling is completed, a 40-l water droplet is introduced at the top of the collection electrode. Due to gravitational force, the droplet rolls down and gathers the deposited particles. The droplet containing the particles is collected in a vial and then diluted by adding 960 l of sterile deionized water for subsequent analysis. The EPSS was operated at a flow rate (Q D ) of 10.0 liters/min for 5 min. A Millipore filter holder (Millipore) with a 0.45-mpore-size polycarbonate filter (Millipore) was placed downstream of the EPSS to collect those particles that were not captured.
The four sampling devices were also used to collect the Gram-positive bacterium B. atrophaeus to test the effects of the sampling methods on its membrane integrity. The experimental conditions were chosen only to assess the stress due to one of the four tested collection methods, without considering other variables such as sampling time, filter elution with ultrasonic agitation, and the use of a Tween mixture. Thus, the aerosolized B. atrophaeus cells were collected under the following experimental conditions: (i) the Button aerosol sampler with filter was operated for 5 min, and the collected bacteria were eluted from the filter by vortexing for 2 min; (ii) the BioStage impactor was operated for 5 min with a jet velocity of 39.3 m/s and jet-to-plate distance of 1.3 mm; (iii) the BioSampler was operated with 5 ml of DI water for 5 min at a sampling flow rate of 12.5 liters/min; and (iv) the EPSS was operated for 5 min at a sampling flow rate of 10.0 liters/min.
Cell membrane damage index. To assess cell membrane damage during aerosolization and air sampling, 1 ml of solution taken from a liquid sample or sample eluted from a filter was centrifuged at 16,100 ϫ g for 5 min at 4°C. Next, 950 l of supernatant liquid was carefully transferred to a new 1.5-ml centrifuge tube by gentle pipetting, while the remaining 50 l of liquid containing the pellet was mixed with 950 l of sterile DI water. We assumed that in each sample, the DNA in the supernatant liquid originated from the bacterial cells that lost membrane integrity, while the DNA in the pellet represented cells that maintained membrane structure.
In order to validate our assumption, experiments were carried out in triplicate by spiking a known quantity of either freshly grown E. coli cells (7 ϫ 10 7 ) or E. coli genomic DNA (6.5 ϫ 10 6 copies of the E. coli genome) or their mixture into 1 ml of sterile DI water. After vortexing for 30 s, the samples were processed using the same procedures as those described above. The E. coli cells in the pellet and DNA in the supernatant liquid were quantified by microscopic counting and qPCR, respectively. When the E. coli cells and E. coli genomic DNA were spiked separately, their recovery was 101.0% Ϯ 6.7% and 97.1% Ϯ 10.9%, respectively. When they were spiked together into the same 1-ml sterile DI water sample, the recoveries for E. coli cells and E. coli genomic DNA were 106.7% Ϯ 11.2% and 117.8% Ϯ 18.9%, respectively. This indicates that free DNA in the supernatant liquid could be separated efficiently from the DNA in the pellet cells by our method.
The extent of membrane damage for different sampling conditions was calculated as the cell membrane damage index (I D ), i.e., the ratio of 16S rRNA gene copies in the supernatant liquid to the entire number of 16S rRNA gene copies in the sample:
where N S (number of copies/ml) is the concentration of target 16S rRNA gene copies in the supernatant phase of the liquid sample after centrifugation, as determined by qPCR; and N P (number of copies/ml) is the concentration of target 16S rRNA gene copies in the pellet sample, determined using cell counts from epifluorescence microscopy and the number of 16S rRNA genes for a specific bacterial genome. The determination of N S and N P is described below. Depending on the stress that the bacteria experienced, I D values could range from 0 to 1, with higher values indicating more damage. When sampling bacteria with the BioStage impactor, particles smaller than the impactor's cutoff size (d 50 ϭ 0.6 m per the manufacturer) as well as particles that bounced off the collection surface (aluminum foil) escaped the impactor and were collected on the filter mounted at the inlet of one of the vacuum pumps (Fig. 1A) . Therefore, in determining N S and N P , we considered that the bacteria and their fragments collected not only on the aluminum foil in the impactor but also on the pump filter:
where C S_filter (number of copies/ml) and C S_foil (number of copies/ml) are the concentrations of target 16S rRNA gene copies in the supernatant phase of liquid samples eluted from the filter and aluminum foil, respectively. C P_filter and C P_foil are the concentrations of intact cells in the resuspended pellet samples from the filter and aluminum foil, respectively. V filter and V foil are the solution volumes into which the bacteria were eluted from the filter and aluminum foil (5 ml and 10 ml, respectively). n is the number of target gene copies per cell, and is the airflow fraction passing through the filter:
where Q filter (liters/min) is the flow rate though the filter, and Q A (liters/ min) is the BioStage impactor sampling flow rate as shown in Fig. 1A . Both Q filter and Q A were measured by a mass flow meter (TSI Inc., Shoreview, MN).
Counting by microscopy. The concentration of bacteria in liquid or resuspended cell pellets was determined by epifluorescence microscopy using an Axioskop 20 microscope (Carl Zeiss Inc., Thornwood, NY) according to a previously published method (25) . Depending on the initial concentration of bacteria in each sample, a dilution factor was chosen to yield 10 to 40 stained bacteria per microscope view field. At least 40 random fields were counted for each sample, and the concentration of bacteria, C Bacteria (number of cells/ml), was calculated as follows:
where N is the average number of bacteria per microscope view field, X is the number of fields for the entire filter, F is the dilution factor, and V is the volume of liquid sample used to prepare the microscope slide (ml). N P (number of cells/ml) was then determined as follows:
where n is the number of target gene copies per cell (n ϭ 7 for both E. coli and B. atrophaeus [GenBank accession numbers NC_010473.1 and NC_014639, respectively]). DNA extraction and quantitative PCR. Quantitative PCR was performed on an iCycler iQ5 RT-PCR detection system (Bio-Rad Laboratories, Hercules, CA). As in previous studies, the universal primer pairs (forward, 5=-TCCTACGGGAGGCAGCAGT-3=; and reverse, 5=-GGACT ACCAGGGTATCTAATCCTGTT-3=) for the bacterial 16S rRNA gene were selected with target amplicon sizes of 466 bp and 467 bp for E. coli and B. atrophaeus, respectively (25, 44) . Reaction mixtures were prepared by combining 10 l of 2ϫ SYBR green supermix (Bio-Rad Laboratories, Hercules, CA), 2 l of each 2.5 M primer, 5 l of template DNA, and 1 l PCR-grade water, for a total volume of 20 l for each reaction. The amplification reaction was performed with an iCycler iQ thermal cycler (Bio-Rad Laboratories, Hercules, CA) using the following temperature program: 10 min of denaturation at 95°C and 40 cycles of 15 s of denaturation at 95°C and 1 min of annealing/extension at 60°C. Data analysis was performed using iCycler iQ real-time detection system software. After completion of PCR amplification in each reaction mixture, a melting curve test was performed to check the purity of the generated amplicons.
To prepare standard curves for qPCRs, a batch of freshly harvested cells was first quantified by epifluorescence microscopy, and genomic DNA was extracted from a known number of cells by using the DNeasy Blood & Tissue kit protocol (Qiagen, Valencia, CA) for qPCR quantification. Standard curves were prepared by plotting each cycle threshold (C T ) value against the log target gene copy number (equation 6). The number of 16S rRNA gene copies present in the supernatant liquid (N S ) was de-termined by purifying the DNA fragments present in the supernatant according to the DNeasy Blood & Tissue kit protocol (Qiagen, Valencia, CA), performing qPCR, and applying the standard curves.
Collection of environmental air samples. An air sample was collected inside an equine facility at the Rutgers Equine Science Center, NJ. Three samplers, one Button aerosol sampler and two BioSamplers, were operated concurrently for 2 h inside a stall with no horse present. The samplers were placed 0.6 m above the stall bedding. The Button aerosol sampler was used with a 0.6-m-pore-size polycarbonate filter (25-mm diameter; Millipore, Billerica, MA) to collect an air sample at a flow rate of 6.5 liters/ min. Two SKC BioSamplers with 5-ml sampling cups were operated at a flow rate of 12.5 liters/min for 2 h. One BioSampler used sterile DI water, and another used a Tween solution as collection liquid. Due to liquid evaporation during sampling, the collection liquid was refilled to 5 ml every 15 min for both BioSamplers. After sampling, filters and liquid samples were immediately placed in a cooler, transported within minutes to the laboratory, and immediately processed as follows.
Particles collected on a filter were eluted by vortexing for 2 min in 5 ml sterile DI water. Liquid suspensions from each BioSampler were transferred to 50-ml sterile tubes. Five milliliters of sterile DI water or Tween mixture was added to each BioSampler, and the sampler was vigorously shaken for 15 s to remove any particles that remained on the inner walls. Liquid suspensions from the second wash were then combined with the initial samples. One milliliter of liquid was then taken from the pooled sample from each sampler for subsequent analysis. Specifically, the samples were centrifuged at 16,100 ϫ g for 5 min at 4°C, and 950 l supernatant liquid was transferred to a new 1.5-ml centrifuge tube by gentle pipetting. The DNAs in the pellet sample and supernatant liquid were extracted and purified by using a DNeasy Blood & Tissue kit (Qiagen, Valencia, CA). The 16S rRNA gene copy number in each sample was then determined by qPCR. For each aerosolization time of Ͼ0 min, the I D values with a polycarbonate jar were significantly lower than those with a glass jar (P Ͻ 0.001). In order to minimize the mechanical stress imposed on E. coli bacteria during aerosolization in subsequent experiments, we chose to use a Collison nebulizer with a polycarbonate jar and an aerosolization time of 5 min.
RESULTS

Aerosolization by Collison nebulizer.
Sampling by filtration. The I D values of samples collected by filtration using a Button aerosol sampler are shown in Fig. 3 . In method A, the bacteria were collected on a filter for 5 min and then eluted from it by either vortexing for 2 min or vortexing for 2 min followed by 5 min of ultrasonic agitation. The I D value was 0.051 Ϯ 0.014 when only vortexing was used, but it increased to 0.063 Ϯ 0.019 when ultrasonic agitation was applied after vortexing. In method B, the bacteria were sampled for 5 min, and then particle-free air was pulled through the filter for 2 h to test the effect of extended sampling time on cell membrane integrity. In this case, the I D value for samples treated by vortexing was 0.058 Ϯ 0.018, while the combination of vortexing and ultrasonic agitation increased the I D to 0.085 Ϯ 0.022. For both filter elution methods, I D values were greater after the exposure of collected bacteria to particle-free air for 2 h than without such exposure. Factorial ANOVA showed that both sampling and filter elution methods had significant effects on the I D of E. coli bacteria: P ϭ 0.007 for the sampling method, and P ϭ 0.001 for the filter elution method. No significant interaction between these two factors was found (P ϭ 0.189).
Sampling by impaction. Two factors, jet velocity and jet-toplate distance, were investigated for their effects on cell membrane integrity of E. coli collected by a BioStage impactor. The standard air sampling flow rate of 28.3 liters/min resulted in a jet velocity of 23.7 m/s, while the higher sampling flow rate of 47 liters/min yielded a jet velocity of 39.3 m/s. Two simulated agar volumes, 48 ml and 40 ml, yielded jet-to-plate distances of 1.3 and 2.2 mm, respectively. As shown in Fig. 4 , a jet velocity of 23.7 m/s with a jet-to-plate distance of 2.2 mm resulted in an I D value of 0.159 Ϯ 0.008. However, the I D increased to 0.175 Ϯ 0.017 when the jet velocity was increased to 39.3 m/s for the same jet-to-plate distance. When the jet velocity was maintained at 23.7 m/s but the jet-to-plate distance was decreased from 2.2 mm to 1.3 mm, the I D increased from 0.159 Ϯ 0.008 to 0.205 Ϯ 0.010. The highest I D was observed when the jet velocity was increased to 39.3 m/s with the lower jet-to-plate distance of 1.3 mm, with the value reaching as high as 0.368 Ϯ 0.009. According to factorial ANOVA, both jetto-plate distance and jet velocity had significant effects on cell membrane damage (P Ͻ 0.001), and there was also a significant interaction between these two factors (P Ͻ 0.001).
Sampling by impingement. In experiments with the BioSampler, a filter was placed at the sampler's outlet to capture particles or their fragments that were not collected or were reaerosolized and escaped the sampler. Neither free DNA nor intact whole cells were detected on those filters, indicating that the particle escape rate was low and thus could be neglected in our study. This finding was consistent with those of other studies (34, 45 ). An effect of collection fluid type (sterile DI water or Tween mixture) on I D values after a 5-min collection time is shown in Fig. 5 . When sterile DI water was used, the I D was 0.068 Ϯ 0.029. However, when a Tween mixture was used, the value increased to 0.234 Ϯ 0.088, and the increase was statistically significant (P ϭ 0.009).
In order to further assess the effect of collection fluid on the cell integrity of E. coli bacteria, a known number of E. coli cells from a fresh culture was added to BioSampler cups filled with either 5 ml of DI water or 5 ml of Tween mixture. The solutions were kept static for 5 min, and then aliquots of liquid samples were taken out for analysis. As shown in Fig. 5 , the I D value was 0.008 Ϯ 0.002 for E. coli suspended in DI water but increased to 0.012 Ϯ 0.002 for cells suspended in the Tween mixture (P ϭ 0.01). In the next step, a known number of E. coli cells from a fresh culture was added to two 5-ml collection cups filled with DI water or Tween mixture, and then two BioSamplers aspirated particle-free air at 12.5 liters/ min for 5 min. As a result, the I D was found to be 0.014 Ϯ 0.005 for the sample that was suspended in DI water but increased significantly, to 0.066 Ϯ 0.004, for the sample that was suspended in the Tween mixture (P Ͻ 0.001). Also, when particle-free air was aspirated into the BioSampler, both I D values were significantly higher than those when the BioSampler sampling cups were kept static (P ϭ 0.034 for DI water and P Ͻ 0.001 for Tween mixture) but significantly lower than the I D values obtained when the aerosolized E. coli cells were actively collected by the BioSampler (P ϭ 0.008 for DI water and P ϭ 0.004 for Tween mixture).
Sampling by electrostatic precipitation. The I D value for E. coli bacteria collected by the EPSS was 0.016 Ϯ 0.016. Similar to the results with the BioSampler, neither the free DNA nor intact E. coli cells were detected on the filter downstream of the sampler. This result indicates that few particles escaped from the EPSS, which was consistent with a previously demonstrated high collection efficiency for this newly designed sampler (32, 33) .
Aerosolization of the Gram-positive bacterium B. atrophaeus. Figure 6 According to the t test, there was no significant difference between I D values for E. coli and B. atrophaeus collected using the Button aerosol sampler (P ϭ 0.961), the BioSampler (P ϭ 0.234), or the EPSS (P ϭ 0.213). However, the I D value for B. atrophaeus was significantly lower than that for E. coli when collected using the BioStage impactor (P Ͻ 0.001).
Among the four sampling devices, the EPSS showed the lowest average I D value for both microorganisms. For E. coli, this result was statistically significant for all samplers: the BioSampler (P ϭ 0.041), the Button aerosol sampler (P ϭ 0.026), and the BioStage impactor (P ϭ 0.014). For B. atrophaeus, the I D value for sampling with the EPSS was significantly lower than that for sampling using the BioSampler (P ϭ 0.010) and the Button aerosol sampler (P ϭ 0.001) but was not significantly different from that for sampling with the BioStage impactor (P ϭ 0.109).
Detection of free DNA in environmental aerosol samples. Quantities of DNA in environmental samples were determined by qPCR, using the E. coli 16S rRNA gene to create a standard curve. The PCR efficiencies of the E. coli 16S rRNA gene and the environmental samples were between 90% and 105%, and no inhibitor effect was observed. The qPCR results were converted to numbers of bacteria per m 3 by assuming four 16S rRNA gene copies per bacterial genome (46) . When only the pellet sample was considered, the airborne bacterial concentration inside the equine facility was found to be 2.8 ϫ 
DISCUSSION
Numerous studies have reported that bacteria experience stress during aerosolization and collection, due to mechanical forces (19, 24) and, possibly, exposure to dry air (14, 16) . Bacteria that sustain sublethal injury could easily become viable but nonculturable or even lose their viability (24, 47, 48 ). Here we demonstrate for the first time that under certain conditions, the stress of aerosolization and the air sampling process is strong enough to break cell membranes and release the genomic DNA as free molecules. Furthermore, we introduce the concept of the cell membrane damage index (I D ) to reflect the magnitude of membrane damage that is experienced by bacteria. The I D value can range from "0," indicating no damage, to "1," indicating that all bacteria in a sample have lost their cell membrane integrity. This index could be used as an indicator of the physiological status of the collected bacteria, and it could also provide a useful way to evaluate sampling protocols and adjust the design parameters of bioaerosol samplers, with the goal of minimizing damage to bioaerosol samples.
The Collison nebulizer has been used widely to generate bioaerosols in laboratory experiments, even though studies have suggested that the recirculation of culture suspension exerts a strong stress on the bacteria due to shear forces and impaction onto the inside wall of the container (24, 49) . As a result, loss of culturability and fragmentation of cells were frequently observed for the aerosolized bacteria (23, 49, 50) . In a recent study, the cell mem- brane was suggested as a major site of damage during aerosolization by the Collison nebulizer (24) . Bacterial cells under aerosolization stress were discovered to have a loss of respiratory enzymatic activities, membrane depolarization, or even a loss of membrane integrity (24) . Here we confirm that the Collison nebulizer can cause severe damage to the bacterial cell membrane and report that the release of genomic DNA was observed, presumably due to the mechanical stress of shear force and wall impaction. Interestingly, our findings show that a Collison nebulizer container made of polycarbonate material induces less stress on bacterial cultures than one made of glass. We speculate that a greater amount of the kinetic energy of the impacting bacteria is transferred to the polycarbonate material than with glass, presumably due to the greater deformation of polycarbonate material (51) . Accordingly, when cells are impacted onto the polycarbonate surface, less of the remaining energy acts back onto the biological particles, thus resulting in less damage.
Jet-to-plate distance and jet velocity are two important factors that determine the collection efficiency of impaction-based aerosol samplers. Our experiments with the BioStage impactor demonstrated that an increase in jet velocity and a decrease in jet-toplate distance result in an increase of the cell membrane damage index. The experiments also showed that E. coli bacteria experience more stress than B. atrophaeus. Considering that the viability of bacteria is highly correlated with the integrity of the cell membrane, our results confirm an earlier study that suggested that jet-to-plate distance and jet velocity affect the culturability of microorganisms collected by impaction (38) . According to that study, an increase in jet-to-plate distance leads to the dissipation of air jets, which means that there is a lower jet velocity and impaction of bacteria onto the collection surface with a lower kinetic energy. Since the recovery of DNA from agar plates was found to be extremely low, aluminum foil was used as a collection surface to facilitate effective recovery of collected bacteria and free DNA. As a result, a large fraction of impact energy was transferred back to the bacteria, causing damage to their membranes. When bacteria are collected onto a semisolid surface such as agar instead of onto a hard surface, damage to the cell membrane is likely to be lower, since the agar will absorb some of the impact energy. On the other hand, even for collection on agar by use of impaction, the damage to bacteria is still considerable, as demonstrated by earlier studies (19) .
The stress on bacteria due to collection by the BioSampler comes from a variety of sources, including, but not limited to, the impingement of bacteria into the collection fluid, particle bounce and reaerosolization due to high-speed centrifugal motion, and the possible detrimental effects of substances present in the collection fluid. First, we hypothesized that the Tween mixture might be toxic to E. coli and thus decrease cell membrane integrity. This was demonstrated by a higher I D for E. coli bacteria that were added into the Tween mixture and kept static than for bacteria that were added into sterile deionized water and also kept static. An antifoam agent present in the Tween mixture has been found to reduce the growth of Helicobacter pylori (52) and Hyphomicrobium zavrzinii ZV 580 (53) . Moreover, our finding was similar to that of a previous study showing that DI water preserved the viability of L. pneumophila better than the Tween mixture when sampling by use of a BioSampler (18) . Second, centrifugal motion during the sampling process could add to the damage to the cell structure. It has been shown that liquid loss during BioSampler operation increases the chance of particle bounce and reaerosolization, which add extra stress to the bacterial cells and impair their membrane structure (18, 34) . In our study, after 5 min of sampling, the Tween mixture lost 1.3 ml, which was greater than the loss of DI water (0.9 ml), based on the initial volume of 5 ml for both fluids. This greater volume loss of the Tween mixture than of DI water and the resulting increase in particle bounce could partially explain the much higher I D value observed for the Tween mixture than for DI water. Nonetheless, the I D value when the particle-free air was aspirated into the BioSampler cup containing E. coli culture was still much lower than the value observed when airborne E. coli bacteria were actively collected using the BioSampler, indicating additional stress from either the aerosolization process, impingement, or, most likely, a combination of both.
In addition to DNA release due to stress from mechanical processes, we also found that a nonmechanical stress, such as desiccation, also facilitated the release of DNA by the impaired bacterial cells. Studies applying filtration for bioaerosol collection have used sampling times ranging from a few minutes to several hours (27, 54) , or even as long as 24 h (55, 56) . It has been shown that prolonged sampling periods by impaction-based samplers increase the risk of microorganism viability loss (16, 57, 58) . The desiccation of the already collected bioaerosols, together with the desiccation of agar media, contributed to decreased microorganism recovery (16) . We found no reports on the impact of dehydration on cell membrane integrity; however, the protein coating of airborne Gumboro virus was reported to be damaged at a lower humidity level (59) . The data presented in our study clearly show that cell membrane rupture is more substantial with prolonged sampling periods, which was demonstrated by higher I D values for samples exposed to dry air for an extended sampling period than for those without such exposure. Thus, the sampling time should be as short as reasonably possible in order to reduce the desiccation effects on the collected samples when operating both filtration-and impaction-based samplers.
We also found that the filter elution method can contribute to cell membrane damage. An increased recovery of bacteria from filter samples has been reported by adding the extra step of ultrasonic agitation (14) , but our findings show that this treatment can add more stress to the collected bacteria and result in an increased release of DNA. On the other hand, vortexing is generally accepted as an efficient way to elute bioaerosol particles from filters (41, 42) , and we found that short-term vortexing (Ͻ2 min) did not result in significant release of DNA from freshly grown E. coli cells (data not shown). Thus, to minimize the stress on the bacteria collected on the filter, including for molecular analysis techniques, sampling protocols should also consider filter elution methods.
Our findings also showed that for the same aerosolization and air sampling conditions, the Gram-positive bacterium B. atrophaeus was less susceptible to mechanical stress, such as that from impaction and shear forces, than the Gram-negative bacterium E. coli. The higher resistance of B. atrophaeus to stress is likely due to its thicker and more rigid peptidoglycan layer, which is responsible for its cell wall strength, than those of more sensitive Gramnegative bacteria (19) . This result also suggests that in sampling ambient microorganisms using inertia-based methods, e.g., impaction, we could selectively enrich Gram-positive bacteria over Gram-negative bacteria if we apply an enumeration method based on intact cells or do not take into account the released DNA. Consequently, this would bias our information regarding the rel-ative abundances of various bacterial species within the complex airborne microbial community.
In comparing the four bioaerosol sampling devices used in our study, we found that samples collected by our newly developed EPSS had the lowest I D , followed by the BioSampler with DI water and the Button aerosol sampler when only vortexing was used to extract bacteria. In contrast, E. coli bacteria collected by the BioStage impactor or the BioSampler with the Tween mixture seemed to be exposed to greater stress, which was high enough to affect the cell membrane integrity and release as much as onethird of the total amount of DNA material. Electrostatic collection results in a low velocity of bacterial deposition onto the collection surface, which is conducive to cell membrane preservation. This particular sampler prototype collects bioaerosols on a superhydrophobic surface and then concentrates them into small volumes of liquid (40 l or less), thus allowing one to achieve very high concentration rates (31, 33) . Our earlier study showed that exposure to strong electrostatic fields while airborne does not induce appreciable cell damage (60) . These features of the new electrostatic precipitator-a high sample concentration rate and an ability to maintain cell integrity-should be valuable for bioaerosol detection, especially when high sensitivity and a low detection limit are desired.
It should be noted that the B. atrophaeus organisms used in our study were mostly vegetative cells, while in the natural environment some Gram-positive bacteria, e.g., Bacillus and Clostridium spp., often exist in spore form (61) . Those spores are known to have resistant structures which protect bacteria from unfavorable environmental conditions, e.g., desiccation (62) and mechanical stress (63) . In addition, the aerosolized bacteria were mostly single cells, as verified by the measured bioaerosol size distribution. However, airborne microorganisms in the natural environment often form aggregates of multiple cells or attach to particulate matter (64) . Thus, it was of great interest to test how these factors affect the susceptibility of natural bioaerosols to sampling stress. Our samples collected by a filter sampler and two BioSamplers inside an equine facility for 2 h accumulated a sufficient amount of bacteria for subsequent analysis by qPCR. The data showed that free DNA was detected in air samples collected by all three devices. It was rather surprising to find that the amount of free DNA was comparable to or even higher than that in intact cells, depending on the sampling method. While our sampling protocol did not separately determine what fraction of free DNA was captured directly from air and what fraction was released due to sampling stress, our findings do indicate that a substantial amount (ϳ50%) of the DNA in a processed sample could be free DNA. This demonstrates that commonly used protocols for bioaerosol sampling and sample processing could underestimate the presence of airborne microbial content in the natural environment by a large fraction (up to 50%).
In conclusion, our results strongly suggest that bioaerosol quantification using molecular methods, such as qPCR, should include not only DNA in intact cells but also DNA released by cells damaged during aerosolization and air sampling, i.e., the free DNA from the supernatant should not be discarded but should be included in the sample analysis. Otherwise, bioaerosol concentrations might be substantially underestimated. A negative bias of Ͼ20% was observed when a BioSampler containing a Tween mixture sampling solution was used to sample bacteria for only 5 min. A negative bias as high as 50% was observed in environmental bioaerosol samples collected and processed by commonly used bioaerosol protocols. It is hoped that this study will provide guidance for selecting bioaerosol aerosolization and sampling methods and their analysis protocols that minimize bioaerosol quantification bias using molecular tools.
